Electron-impact ionization of an atom or ion in the presence of a neighboring atom is studied. The latter is first collisionally excited by the incident electron, whose energy is assumed to be high but nonrelativistic. Afterwards, the excitation energy is transferred radiationlessly via a two-center Auger process to the other atom or ion, leading to its ionization. We show that the participation of the neighboring atom manifests in a very pronounced resonance peak in the energy-differential cross section and can substantially enhance the total cross section of electron-impact ionization. We also discuss the influence of the neighbouring atom on the angular distribution of the ejected electron.
I. INTRODUCTION
Electron-impact ionization of atoms or ions is one of the most fundamental atomic collision processes [1] . It is of importance, for instance, in various kinds of laboratory and astrophysical plasmas. Apart from direct ionization by electron impact, there exist also more complex ionization mechanisms which involve autoionizing resonances. Upon the collision, a bound electron can be excited to an autoionizing state which subsequently stabilizes through Auger decay [2, 3] . Besides, for certain resonant energies, a dielectronic capture of the projectile electron to the target may occur, leading to double Auger ionization [3, 4] . These indirect (e,2e) processes, which rely on intra-atomic electron correlations, can be substantially more important than the direct ionization channel.
Autoionizing transitions can also arise from electrons situated at two different atomic centers, with Penning ionization being a famous example representing such an interatomic correlation effect. In recent years, there have been extensive studies on another process driven by electron correlations in two or more atoms. An atom neighbouring another atom or ion in an excited state may receive the excitation energy radiationlessly via interatomic electron-electron interaction. Provided a sufficient energy transfer, the atom can then be ionized. Therefore, radiationless decay can happen in the system even when a single-center Auger decay is energetically forbidden. Despite its two-center nature, interatomic Coulombic decay (ICD) [5] [6] [7] as this process is called, can be much faster than the single-center radiative decay. Associated experiments have been carried out comprising noble gas dimers [8] , clusters [9] and water molecules [10] . Both theoretical [11, 12] and experimental [13] studies have been performed on the closely related process of two-center photoionization as well.
Photoabsorption serves as the common method to create the autoionizing state in experimental studies of ICD. Besides, a small number of experiments was carried out employing electron impact. Using electron energies in the range of 3 keV [14] , 380 eV [15] down to about 30-100 eV [16] , ICD resulting from electron-impact ionization of one center, followed by molecular dissociation could be observed in noble-gas dimers and trimers. In these experiments there are, accordingly, three electrons in the final state: the primary scattered electron, the secondary ejected electron and the ICD electron. ICD was also implemented on water clusters adsorbed on condensed noble-gas surfaces using low-energy electron impact [17] .
A few electron impact induced interatomic processes have been treated theoretically so far. In two-center dielectronic recombination (2CDR) an incident electron is captured by an ion, leading to resonance excitation of a neighboring atom, which afterwards de-excites via spontaneous radiative decay [18] . If the metastable intermediate state does not stabilize radiatively, but instead reemits the captured electron, two-center resonance scattering (2CRS) takes place [19] . In interatomic Coulombic electron capture (ICEC) the incident electron energy is so large that, upon its capture to the ion, a neighboring atom is ionized [20, 21] . The process thus represents an interatomic charge exchange. To our knowledge, comprehensive theoretical descriptions of interatomic ionization processes by electron impact, which take all steps of these processes into account, are still missing.
In the present paper, we study electron-impact ionization via excitation-autoionization in a two-center atomic system consisting of atoms A and B -a process which has not been considered in the literature yet. The autoionizing state of this system is formed by collisional excitation of atom B, which afterwards stabilzes via twocenter Auger decay (or ICD), leading to ionization of a neighboring atom A (see Fig. 1 ). Note that, in contrast
FIG. 1: Scheme of two-center electron-impact ionization 2C(e,2e). A projectile electron first creates a two-center autoionizing state by collisionally exciting atom B (left). Subsequently, the latter transfers the excess energy radiationlessly to atom A, leading to its ionization via two-center Auger decay (right).
to Refs. [14] [15] [16] , the incident electron leads to excitation -rather than ionization -of atom B and, consequently, there are only two electrons in the final state (scattered projectile and Auger electron). We call this process resonant two-center electron-impact ionization 2C(e,2e). It interferes with the usual direct electron-impact ionization of atom A. We will show that, due to 2C(e,2e), electron-impact ionization can be qualitatively modified and strongly enhanced by several orders of magnitude in a narrow range of emitted electron energies. Resonant 2C(e,2e) can also provide a substantial contribution to the total electron-impact ionization cross section of atom A.
Our paper is organized as follows. In Sec. II we present our theoretical considerations of 2C(e,2e). After formulating the general framework, an expression for the energy-differential cross section of this process will be obtained. Quantum interference effects from the different pathways will be included. In Sec. III we illustrate our findings by some numerical examples and discuss their physical implications also including the angular distribution of 2C(e,2e). As specific example, 2C(e,2e) in a Li-He system at 1keV electron impact will be considered. Concluding remarks are given in Sec. IV. Atomic units (a.u.) will be used throughout unless otherwise stated. The Bohr radius is denoted as a 0 .
II. THEORETICAL FRAMEWORK AND ANALYTICAL CONSIDERATIONS

A. General treatment
Focussing on the physical basics of 2C(e,2e), we approach the process in a simple atomic system consisting of two atoms A and B. These are initially in their ground states and separated by a distance R. In order to treat the two constituents individually and ignore molecular effects, R has to be large enough. Within this consideration, 2C(e,2e) can be viewed as a sequence of two subprocesses: The excitation of atom B by electron-impact and the ionization of atom A via dipole-dipole-interaction with atom B. We suppose that both nuclei are at rest and carry charges Z A and Z B respectively. In each atom only one electron is "active" in the considered process. We set the position of Z A as the origin and denote the coordinates of the nucleus Z B , the projectile electron, the electron associated with A and the electron associated with B by R, , r and r = R + ξ, where ξ is the position of the electron of atom B with respect to the nucleus Z B . We choose the z-axis to be along the incident electron momentum p in = p in e z , also serving as our quantization axis.
Since the considered process involves two steps, we need to define the incident electron and initial, intermediate and final configurations of the two electrons associated with A and B, which are illustrated in Fig. 1 :
The initial state has an incident electron with momentum p in and electrons of A and B in their ground states;
In this intermediate state the incident electron has scattered and changed its momentum to p f , the electron of B has been excited and the electron in A remains in its ground state; (III) Ψ p f ,k,g = φ p f ( )ϕ k (r)χ g (ξ) with total en-
The final state consists of the scattered electron, the electron from A, which has been emitted into the continuum with asymptotic momentum k and the electron of B, which has returned to its ground state. Note that all continuum states are normalized to a quantization volue of unity. In order to ionize atom A in a two-center process including atom B, the ionization potential I A = |ε g | has to be smaller than the energy difference ω B = j − g of an electronic transition in atom B. Assuming a sufficiently high projectile electron energy, the probability amplitude of 2C(e,2e) is calculated via the second order of time-dependent perturbation theory,
The matrix elements are given by
where q = p f − p in is the momentum transfer experienced by the incident electron. The interactionŴ B induces the electron-impact excitation of atom B and is given bŷ
V AB describes the two-center interaction between the electrons of A and B, respectivelŷ
Here, we assume a dipole-allowed transition in atom B and neglect retardation effects, which is justified for R c/ω B .
is the integration over all intermediate continuum states of the scattered electron and the sum over all intermediate electron states of atom B. Note that, sinceV AB has no impact on , one obtains
Integration of Eq. (1) over time yields
where ∆ =
2 is the energy detuning and Γ denotes the total decay width of the excited state χ e (ξ). It has been inserted to account for the finite lifetime of this state and includes the radiative width Γ rad as well as the two-center Auger width Γ aug , often called ICD width, which are given by
. (8) The δ-function in Eq. (6) expresses the energy conservation in the process:
The ground state energy g of atom B effectively drops out from this expression since atom B plays the role of a catalyzer in the process. In order to obtain the differential cross section from Eq. (6), we integrate the absolute square of the transition amplitude over the final momentum of the impacting electron p f and the solid angle Ω k of the emitted electron's momentum. Dividing this by the interaction time τ as well as the incident flux j = p in , the differential cross section depends on the energies of the incident electron p 2 in 2 and ejected electron ε k : dσ
Our aim is to study the characteristics of this two-center process. Therefore, we compare it to the one-center process of electron-impact ionization of atom A. Literature values for the one-center process of electron-impact ionization can easily be found for many atoms. Nevertheless, in order to be consistent with respect to the degree of approximation made, we calculate the cross section of this process within the first order of time-dependent perturbation theory. The transition amplitude has the following form:
×e
where p f , p in and k are related due to energy conservation as shown in Eq. (9) . This leads to the cross section
The two-center channel competes with the direct electron-impact ioniziation. Furthermore, these two transitions interfere with each other and create a joint transition amplitude
We refer to the resulting cross section σ (1+2) as to the complete cross section for ionization of atom A and obtain it analogously to Eq. (10). Other competing channels may occur, such as impact-ionization of atom B. However, they do not interfere with the previoulsy established two, since they do not lead to the same final state. We will further refer to these channels in section III.
B. Relation to single-center processes
In this subsection we will restrict our consideration to R = Re z along the incident electron momentum p in . We note that taking an average over the orierentation of R does not change the features of 2C(e,2e) qualitatively.
An advantage of the analytical approach to the twocenter electron-impact ionization is the possibility of analyzing the mathematical form of the cross section. In order to enable comparison of our calculation to already known quantities, we try to express dσ (2) dε k as a composition of one-center processes. Analysing the terms depicted in Eq. (6) with the restriction to one intermediate state j, we can divide the expression into three one-center processes. The first step of electron-impact excitation of atom B can be transferred into its according cross section σ B exc . The dipole-dipole interaction can be separated into two processes involving atom A and B individually. The resulting matrix element concerning atom B can be related to the radiative decay rate Γ rad as in Eq. (7) from the excited state back to the ground state g. For atom A the matrix element can be expressed via the direct photoionization cross section σ A PI . A remark on the energy conservation conditions is appropriate. Within the composition consisting of onecenter processes, we have two regulations of energy conservation: One in σ A PI for k and one in σ B exc for p f . In Eq. (6) however, we have only one δ-function, in which both k and p f are included. In the present consideration we disentangle this combined law of energy conservation by assuming that, in the first step,
, whereas in the second step the electron in ejected from atom A with energy
We then find the following compact formula for the differential cross section of 2C(e,2e) at the resonance peak
with the two-center Auger rate
Here, ω = ω B is the transition energy of atom B in all quantities used in Eq. (15) in the case of k = k 0 . This expression enables a direct estimation of the cross section via one-center processes. For a fixed initial electron momentum p in , the cross section decreases with R −6 provided R is large enough so that Γ rad Γ aug is valid. In this case, the dependence of Γ on R is negligible. For a fixed interatomic distance R, the cross section depends on the one-center processes of photoionization regarding atom A and electron-impact excitation of atom B. As a result, 2C(e,2e) will benefit if the cross sections of one-center photoionization of neighbour A and one-center electron-impact excitation of neighbour B are high. We can now insert literature values for the expressions in Eq. (15) and evaluate the ratio
Let us consider a simple system consisting of H (as atom A) and He (as atom B). We choose an impact energy of , we therefore obtain a ratio of η k0 ≈ 4.7 × 10 5 . Thus the participation of the neighbouring helium atom tremendously amplifies the electron-impact ionization of hydrogen for ejected electron momenta close to k 0 . When considering the total cross section however, one has to incorporate the behaviour for all k. The twocenter process has a resonant nature in contrast to the one-center process. To highlight this difference we can approximate the two cross sections as follows:
Using the effective resonance width δ res = 
1/ ∆
we obtain the total cross section of resonant 2C(e,2e) in the form
This formula allows for a very intuitive interpretation. The first step in resonant 2C(e,2e) is the electron-impact excitation of atom B, which enters into Eq. (20) by the corresponding cross section. The excited state may afterwards decay back into the ground state either by spontaneous radiative emission or by two-center Auger decay. The latter decay channel has a branching ratio of Γ aug /Γ, which is reflected in Eq. (20) as well.
In the H-He example under consideration, we find σ (2) H-He ≈ 0.12 a.u. for the resonant 2C(e,2e) cross section. In comparison, the total cross section for onecenter electron-impact ionization of H amounts to σ (1) = 1.22 a.u. [25] at the same impact energy. Hence, the ratio of the fully-integrated cross sections is [24] the value for the fully integrated cross section translates into an effective width δ ε k ≈ 17 eV which is 7 orders of magnitude larger than δ res . Figure 2 shows the ratio
σ (1) of the total cross sections as function of the internuclear distance. The Lotz formula [25] has been used for σ H-He . One can see that the cross section ratio saturates at distances R 12 a 0 where Γ ≈ Γ aug . In this region, the ratio attains a value of σ (2) H-He /σ (1) H ≈ 0.2, indicating a noteworthy relevance of the two-center process also for the total cross section of electron-impact ionization of hydrogen. We also show the ratio for p 2 in /2 = 1 keV using σ He exc ≈ 0.11a.u. [26] since we will use this impact energy for our numerical calculations in Sec. III. The corresponding electron velocity is v in ≈ 8.6 a.u. where the applicability condition for perturbation theory (v in 1 a.u.) is well satisfied.
III. NUMERICAL RESULTS AND DISCUSSION
We want to further investigate the characteristics of resonant 2C(e,2e) by illustrating our findings of the previous section by some numerical results. H-He as the simplest diatomic system was already considered in Sec. II B. However, H and He do not form a stable molecule. Therefore, we provide instead numerical results for a two-center system consisting of Li (as atom A) and He (as atom B). Both can form a 7 Li 4 He van-der-Waals molecule, which could be used for an experimental test of 2C(e,2e) [27] .
Since we consider one "active" electron for each atom, we choose effective nuclear charges Z A and Z B and electronic states χ and ϕ in order to achieve a reasonable comparableness to real atomic species. Our goal is to ionize the electron associated with Li, so ω B > I A as described in Sec. II. Using the single-active electron description, we describe lithium as a hydrogen-like atom with a 2s ground state. We choose the effective nuclear charge as Z A = 1.259 to match the binding energy I A ≈ 5.39 eV of lithium [23] . The neighbouring atom B is chosen as helium in its ground state (1s 2 ). Within this example, we consider the dipole-allowed transition (1s − 2p m ) for the electron-impact excitation. We use this transition in order to calculate a common effective nuclear charge for both states. With an excitation energy ω B = 21.218 eV, we find Z B = 1.435.
We note that excitations to higher lying states (such as 3p m , 4p m etc.) provide additional contributions to resonant 2C(e,2e). However, we restrict our considerations here to the 2p m states in helium, since they have the largest dipole transition matrix elements from the ground state.
Our model now captures some basic features of a real Li-He dimer. However, we do not take account for any effects of the molecular bond. As a van der Waals molecule, the dimer has a shallow interaction potential which allows for a large extension of the bond. Its mean distance R ≈ 55 a 0 exceeds the equilibrium distance R eq ≈ 11.3 a 0 , where the potential has a minimum [27] .
The incident electron, before and after impact on B, is described by a plane wave φ pin = e ipin , φ p f = e ip f . After ionization, the influence of the remaining lithium ion on the emitted electron of A is accounted for by using a Coulomb wave ϕ k [28] with the same nuclear charge Z A as mentioned above. We recall that all continuum states are normalized to a quantization volume of unity.
In Sec. II, we established the theory for one "active" electron per atom. Considering helium as atom B, we want to describe it including both electrons. Therefore, instead of χ g (ξ) and χ j (ξ), we apply symmetrized wave functions: (22) α 1s and α j are hydrogenic wave functions with effective charge Z B . Both interaction Hamiltonians in Eq. (4) and (5) are then properly extended according tô
These modifications lead to an additional factor of 2 in the 2C(e,2e) amplitude, as compared to the case when atom B is an effective one-electron system.
A. Energy spectra
First we consider 2C(e,2e) as a separate channel and compare it to the one-center process.
As before, we restrict ourselves to R = Re z . The internuclear distance is chosen as R = 20 a 0 and the incident electron energy as p 2 in 2 = 1 keV. At the chosen interatomic separation, the ratio Γ aug /Γ rad ≈ 0.2 shows an excess of the radiative width compared to the Auger width. We point out that, for reasons of self-consistency, we use in our numerical calculations the value of Γ rad that follows from Eq. (7) when the wave functions in Eq. (21) are inserted. Note in this regard that the matrix elements appearing in Eq. (7) for the decay width are also constituent parts of the 2C(e,2e) cross section. Our calculated value of Γ rad is by a factor of ≈ 1.5 larger than the literature value from [23] .
As we have already seen in Sec. II B, the 2C(e,2e) singly differential cross section is very sensitive to ejected electron momentum k. For k = k 0 we obtain a peak displaying resonance [29] . This represents a strong contrast to the one-center processes, where the lack of a resonance leads to smooth cross sections. The values of the one-center cross section exceed those for the twocenter process by several orders of magnitudes for most ejected electron energies ε k . On resonance however, the two-center process increases tremendously and we obtain dσ 
Li differs by a factor of ≈ 0.5 from the Lotz value [25] . However, since the same wave functions for lithium are used in our 2C(e,2e) calculations, we expect to slightly underestimate σ (2) Li-He as well. When the interatomic distance is reduced to R = 10 a 0 , the ratio Γaug Γ rad ≈ 12.8 shows the great significance of the two-center Auger decay for the total decay width, so Γ ≈ Γ aug . Inserting this approximation in Eq. (20) yields σ (2) Li-He ≈ σ He exc ≈ 0.11 a.u. [26] . This way, we obtain η (2) ≈ 0.07 using σ
Li from [25] . For the peak value our calculations yield dσ (2) dε k k=k0 = 2.16 × 10 5 a.u.. The corresponding value obtained from Eq. (15) is smaller by a factor ≈ 0.4. We note that, in principle, the excited state in atom B could be subject to finestructure splitting due to spinorbit coupling. This effect would lead to an according splitting of the resonance peak, which is typically on the order of 10 −4 eV in light atoms. Since such a narrow dublet of lines is very difficult to resolve in electronbeam experiments, though, we refrain from its inclusion in our general treatment of resonant 2C(e,2e). Besides, no finestructure arises in the excited 1s2p spin-singulett state [23] in helium considered in the current section. Figure 3 also shows the cross section of the one-center electron-impact ionization of center B, in our case helium. As mentioned before, this process can compete but not interfere with the ionization of lithium. It was calculated by applying the same technique as above. The helium ground state was used in the form of Eq. (21) and the continuum state was described by the symmetrized wave function (25) where α k denotes a Coulomb wave [28] . An effective nuclear charge Z = 1.34 was applied which accounts for the correct first ionization energy of helium. This way we obtain results differing by a factor of ≈ 0.6 from the values in [25] which fits in with the values for σ (1) seen above. The fully integrated one-center cross section for lithium exceeds the one for helium by more than an order of magnitude [25] . The singly differential cross sections show this behaviour only for small ε k . Around the resonance, one has dσ
Li /dε k . We may conclude that the background of ejected electrons from impact ionization of helium as well as the total loss of neutral helium atoms by this process are not very severe.
Next, we investigate the different characteristics of the two-center process and the complete two-center process involving quantum interference. Therefore, we plot the ratios η (17) . In Fig. 4 the ratios of cross sections are depicted for a small range of energies ε k = k 2 /2 around the resonance. The ratio between the total cross section including the interference of both transition amplitudes S (1) and S (2) and the one-center process takes the constant value close to 1 for ejected electron energies ε k off resonance. Therefore, the total cross section resembles the smooth curve of the one-center process for most values of k. For resonant k the ratio experiences the peak which has already been observed in Fig. 3 . The peak representating a tremendous amplification has a narrow width. The calculation of the ratio comparing the twocenter processes to the one-center process yields the peak behaviour on resonance which represents a strong amplification of the ionization for ejected electron momenta k near resonance. We find a ratio η k0 = 3.24 × 10 6 at resonance when comparing the two-center process to the one-center process. The resonance peaks shown in Figs. 3 and 4 are so pronounced, that the underlying 2C(e,2e) channel can give an appreciable contribution even to the total cross section of electron-impact ionization (see Fig.  2 ). Because of their very narrow widths, however, the peaks themselves are very difficult to observe directly in experiment. Therefore, we have calculated the partial cross sections σ (1, 2) part which result from a resolvable energy range of ejected electrons around the resonance. For this purpose we have integrated the energy-differential cross sections over an interval of 1 eV width, including all electron energies ε k between k 2 0 2 ± 0.5 eV. Figure 5 shows the dependency of σ (2) part /σ (1) part on the internuclear distances R. Considering this restricted interval of energies, we obtain an even greater relevance of the two-center process than we have seen in Fig. 2 , reaching values η part > 1. Consequently, the two-center process can dominate the electron-impact ionization in a measurable energy interval.
B. Angular distributions
We also want to investigate the angular distribution of the ejected electron in order to show differences between the two processes. To this end we calculate the doubly differential cross section d 2 σ (2) /dθ k dε k at resonance, where the polar angle θ k of the ejected electron is measured with respect to the momentum p in = p in e z of the incident electron. We choose R = 20 a 0 and consider two orientations,
(e x + e y ) and R = Re z , of the two-center system. We point out that in a gas of Li-He dimers the internuclear separation vectors are randomly orientated. Hence, a prealignment of the molecular axes would be required to see the dependence on R of ejected electron's angular distribution in experiment.
In Fig. 6 the angular dependencies of the cross sections are depicted. All curves are smooth and symmetric with respect to reflection at θ k = π/2. The angular distribution of the one-center process passes through a maximum at this angle. Because the plot shows the differential cross sections on resonance, the value of the direct pathway can by no means come up to the value of the two-center process. The latter depends on the orientation of R. For R ⊥ , we obtain the position of the maximum at θ k = π/2
FIG. 6: Doubly differential cross sections d 2 σ/dθ k dε k | k=k 0 for one-center electron-impact ionization of lithium (black, multiplied by a factor of 10 6 ), and two-center ionization of lithium in a Li-He system, with interatomic orientations
(ex + ey) (blue dashed) and R = Rez (blue solid), respectively. The interatomic distance is R = 20 a0, the incident energy 
FIG. 7: Doubly differential cross sections d 2 σ (2) /dθ k dε k | k=k 0 for the two-center ionization in a Li-He system, considering only the contribution from the excited state 2p0 for the orientations R ⊥ (orange dashed) and R (orange thick), respectively. Also the contributions from the 2p+1 excited state for the same orientations are shown (green dotted, green solid). The latter curves also illustrate the case of 2p−1 since it gives the same contribution. The other parameters are as in Fig. 6. as well. While the overall shape looks similar, the slope on both sides slighty differs from the one-center case. Assuming instead an interatomic orientation along R leads to a more drastic change of form. We then obtain a kind of plateau exhibiting two maxima and a shallow minimum at θ k = π/2.
The two-center electron impact ionization thus noticably modifies the angular dependency of the ejected electron in contrast to the direct pathway. The indirect process includes contributions from various excited electronic states in atom B. We further analyse their individual angular dependencies by calculating the contributions to the cross section stemming from each of the excited states separately. Figure 7 shows the angular dependence of the ejected electron for different excited states of atom B. When only considering the excited 2p state with angular momentum projection m = 0, we obtain two maxima and a deep minimum at θ k = π/2. When considering instead m = +1, the curves attain a single maximum at θ k = π/2. Since m = −1 exhibits the exactly same curve, for the interatomic orientation R ⊥ , the contribution from m = ±1 together is largely dominant and therefore resembles the corresponding angular distribution shown in Fig. 6 which includes all excited states. Conversely, for the orientation R the solid curves in Fig. 7 show substantial contributions from all substates, which explains the appearance of the plateau shown in Fig. 6 . Note, however, that the distributions in Fig. 6 cannot be obtained directly from summing the respective curves in Fig. 7 , because the former also contains interferences between the contributions from the various excited states.
IV. CONCLUSION
Electron-impact induced ionization in a two-center atomic system has been studied. In this resonant 2C(e,2e) process, an atom is ionized by electron-impact excitation of a neighbouring atom which subsequently deexcites via an interatomic Auger decay. It was shown to considerably affect the characteristics of the wellknown direct electron-impact ionization of a single center. In particular, due to resonant 2C(e,2e), the energydifferential cross section of electron-impact ionization may be enhanced tremendously in a narrow energy range. As a consequence, the two-center channel can provide a substantial contribution even to the total cross section of electron-impact ionization. This effect can be highlighted if the yield of electrons within experimentally resolvable energy interval around the sharp resonance is collected. The two-center channel can also significantly modify the angular distribution of ejected electrons.
Our general predictions may be tested experimentally by using heteroatomic van-der-Waals molecules. Suitable candidates, for instance, could be Li-He dimers as considered here, or He-Ne dimers, as used in the recent 2CPI experiments [13] .
